We report the first experimental demonstration of a single-electrode-controlled digitally wavelength switchable V -coupled-cavity laser with high side-mode-suppression-ratio (SMSR) in the 40 dB range. Sixteen-channel and twenty-six channel wavelength switchable lasers with 100 GHz spacing are demonstrated with the maximal SMSR of 40 dB and 37 dB, respectively. They do not require complex gratings, multiple epitaxial growths, or complex tuning algorithms. The device size is only 500 μm × 300 μm. Such a simple, compact, and high-performance laser has great potential as a low-cost alternative to existing complex tunable lasers for wide deployment in optical networks and beyond. and slotted cavity laser [5] . In addition to fabrication complexity involving nonuniform gratings and multiple epitaxial growths, they usually use at least three electrodes with complex control algorithms for wavelength tuning, resulting in size, fabrication yield, tuning speed, and operational reliability issues. Here we report the first experimental demonstration of a single-electrodecontrolled widely wavelength switchable V -coupledcavity laser with a high side-mode-suppression-ratio (SMSR) in the 40 dB range. The concept of a coupled-cavity laser was extensively investigated in the 1980s in the form of serially coupled cavities with an etched groove [6] and the cleavedcoupled-cavity (C 3 ) [7] . While the general theory of such a coupled-cavity laser was well established [8, 9] , the SMSR was generally very poor (in the 20 dB range) because the coupling gap cannot provide optimal coupling coefficient in both amplitude and phase simultaneously without significant loss. As a result, the coupled-cavity structures later gave way to DFB gratings for realizing single-mode lasers widely used in telecom systems. However, recently, we discovered that by using V -coupledcavity structure with a half-wave coupler [10] [11] [12] , it is possible to realize optimal coupling coefficient in both amplitude and phase simultaneously with no or little theoretical loss, thereby achieving high SMSR, while allowing the single-mode lasing wavelength to be switched discretely from channel to channel using a single electrode control.
Widely tunable semiconductor lasers have been increasingly demanded in long-haul, metropolitan, and access networks. They also have wide applications in emerging information sensing areas such as lidar and spectroscopy-based environmental monitoring. At present, the tunable lasers are very sophisticated, such as those based on sampled grating distributed Bragg reflector (SGDBR) laser [1] , digital supermode distributed feedback (DBR) laser [2] , modulated grating Y -branch laser [3] , distributed feedback (DFB) laser array with micro-electro-mechanical system (MEMS) switches [4] and slotted cavity laser [5] . In addition to fabrication complexity involving nonuniform gratings and multiple epitaxial growths, they usually use at least three electrodes with complex control algorithms for wavelength tuning, resulting in size, fabrication yield, tuning speed, and operational reliability issues. Here we report the first experimental demonstration of a single-electrodecontrolled widely wavelength switchable V -coupledcavity laser with a high side-mode-suppression-ratio (SMSR) in the 40 dB range.
The concept of a coupled-cavity laser was extensively investigated in the 1980s in the form of serially coupled cavities with an etched groove [6] and the cleavedcoupled-cavity (C 3 ) [7] . While the general theory of such a coupled-cavity laser was well established [8, 9] , the SMSR was generally very poor (in the 20 dB range) because the coupling gap cannot provide optimal coupling coefficient in both amplitude and phase simultaneously without significant loss. As a result, the coupled-cavity structures later gave way to DFB gratings for realizing single-mode lasers widely used in telecom systems. However, recently, we discovered that by using V -coupledcavity structure with a half-wave coupler [10] [11] [12] , it is possible to realize optimal coupling coefficient in both amplitude and phase simultaneously with no or little theoretical loss, thereby achieving high SMSR, while allowing the single-mode lasing wavelength to be switched discretely from channel to channel using a single electrode control.
The V-coupled-cavity laser (VCCL) was designed and fabricated in InGaAsP/InP multiple quantum well structure. It comprises a fixed gain cavity and a channel selector cavity with different optical path lengths, which form V-shaped branches with a reflective 2 × 2 half-wave coupler, as shown in Fig. 1(a) . In order to accurately control the coupler length for achieving optimal coupling coefficient in both amplitude and phase, we use deeply etched facets to form the cavity mirrors. The length of the fixed gain cavity is designed to be 466 μm so that its resonance frequency interval Δf matches the operating frequency grid with 100 GHz spacing. The length of the channel selector cavity is slightly longer so that the Vernier effect can be employed to increase the wavelength switching range. Three electrodes separated by isolation gaps are fabricated on the top side and a common ground electrode is deposited on the back side. The fixed gain electrode and the channel selector electrode are disposed within the respective cavities. A joint electrode covers the coupler region with the covered lengths proportional to the cavity lengths, which can be used for direct modulation. For fabrication simplicity, all of the three sections under different electrodes comprise the same quantum well structure without epitaxial regrowth or bandgap engineering. The device size is only about 500 μmx300 μm.
In the half-wave coupler, the cross-coupling coefficient has a relative phase of π with respect to the bar-coupling coefficient. This is in contrast to conventional directional couplers or self-imaging multimode interference couplers whose cross-coupling coefficient has a relative phase of π=2 (quarter-wave) with respect to the barcoupling coefficient, which would produce no mode selectivity for the VCCL. The two output waveguides of a conventional coupler have complementary power transfer functions which are needed for devices such as optical switches or Mach-Zehnder interferometers. No attention has been paid to 2 × 2 half-wave couplers since they produce synchronous power transfer functions which are useless for common devices such as optical switches. However, this is exactly what is needed in the V-coupled-cavity laser for achieving high SMSR, after being folded along the mirror line [10] . The half-wave coupler can be realized by using a three-waveguide directional coupler structure, which can guarantee the π phase without excess loss at the lasing wavelength. Here we adopt a more compact design with a nonimaging multimode interference coupler [11] , at the expense of an excess loss of about 1 dB. It has a total length of 35 μm and a gap width of 2:6 μm between two 3 μm wide coupling waveguides.
The principle of the digital wavelength switching is schematically shown in Fig. 1(b) . Each of the two cavities has a series of resonant modes with slightly different frequency intervals Δf and Δf 0 . The main lasing mode occurs at a common resonant frequency f 0 which can be switched to an adjacent mode of the fixed cavity by shifting the resonant frequency comb of the channel selector cavity by jΔf − Δf 0 j. As a result, the shift of the laser frequency with the averaged effective refractive index change of the channel selector cavity is amplified by a factor of Δf 0 =jΔf − Δf 0 j and only a single electrode is required for the wavelength switching. The distance between two aligned resonant peaks at f 0 and f 1 , which corresponds to the free spectral range (FSR) of the coupled-cavity, is determined by Δf FSR ¼ Δf Δf 0 jΔf −Δf 0 j . Because of the digital nature of the tuning, the lasing wavelength is stable even if the tuning current drifts to a certain extent. Although the Vernier effect is also used in other widely tunable lasers such as SGDBR lasers, due to the limitation of the device length required for accommodating many sampling periods of the grating, the SGDBR lasers typically have Δf larger than 600 GHz. For common dense wavelength division multiplexing applications with 50 GHz or 100 GHz channel spacing as defined by International Telecommunication Union (ITU) ITU, a multielectrode control is necessary for accessing all operating channels. This complexity is removed with the V -coupled-cavity laser.
A standard ridge waveguide laser structure with InGaAsP/InP multiple quantum wells (MQW) was used to fabricate the laser. The The fabrication process is similar to that of a FabryPerot laser with the addition of a deep etching step for the etched facets (uncoated). The laser is then tested after being mounted on an aluminum nitride chip carrier with a thermo-electric cooler (TEC) controlled at 20°C. The three electrodes are biased with three independent current sources under continuous-wave (CW) condition. The laser reaches the lasing threshold when all three electrodes are biased at about 20 mA. When the electrodes are biased at 40 ∼ 50 mA, the output power measured by collecting all the light from the coupler side using a broad area detector is about 8 mW. Figure 2 shows a single channel emission spectrum of the laser. The intensity of the side modes has a quasi-periodic envelope function with its period (FSR) determined by the length difference between the two cavities, which is about 10%, corresponding to an FSR of 8 nm in this design. Generally the highest side-mode can be an adjacent mode or a mode at one FSR away. A SMSR as high as 40 dB is achieved for both the adjacent modes and the modes at one FSR away. Figure 3(a) shows the wavelength of the main mode as a function of the tuning current on the channel selector electrode. In this example, the fixed gain electrode and the joint electrode were biased at fixed current values of 22 mA and 46 mA, respectively. When the current on the channel selector electrode increases from 22 mA to 135 mA, the lasing wavelength is switched digitally over 16 consecutive channels. As the tuning current increases, the channel wavelength increases. This indicates that the refractive index of the tuning section increases and therefore the tuning is dominated by thermal effect rather than the carrier injection effect. Figure 3(b) shows the overlapped spectra of a 16-channel consecutive wavelength switching. The SMSRs are about 40 dB for the central channels and are degraded by a few dB for the edge channels due to material gain variations. Although the FSR is only about 8 nm in this design, corresponding to 10 channels at 100 GHz spacing, 16-channel consecutive switching is achieved because the material gain peak shifts to longer wavelength as the tuning current increases, which is in the same direction as the wavelength switching. Such a co-directional tuning mechanism is useful for increasing the number of consecutively switchable channels.
The number of switchable channels can be increased by reducing the length difference between the two cavities, thus increasing the FSR, with a compromise on the SMSR of the adjacent modes. Figure 4 shows the measured tuning curve and superimposed spectra of 26-channel wavelength switching for a VCCL laser with 5% cavity length difference. The maximal SMSR is about 37 dB, obtained from the same coupler design. It is reduced by 3 dB compared to the case of 10% cavity length difference.
The wavelength switchable laser reported here has the advantages of compactness and fabrication simplicity, and can achieve significantly better SMSR over previously investigated serially coupled cavities [6, 7] or Y -coupled-cavity laser [13] , while allowing the lasing wavelength to be switched over a wide range with a single electrode control. While a SMSR as high as 40 dB has been achieved, it can still be improved by design optimization and fabrication improvement. The digital nature of the wavelength switching allows the laser wavelength to be accurately controlled with a simplified stabilization mechanism. It does not require complex gratings, multiple epitaxial growths, or complex tuning algorithms. Since the device size is comparable to conventional DFB or Fabry-Perot lasers, it can be easily fit into a smallform-factor package. An improved version with etched trenches is currently being developed, which will allow monolithic integration of additional functionalities. The excellent SMSR demonstrated experimentally for the first time will pave the way for such a simple, compact, and potentially low-cost wavelength switchable laser to be used for dynamic wavelength provisioning in optical networks and many other applications. 
